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Parkinson’s disease (PD) is a common neurodegenerative disorder
characterized by loss of dopaminergic neurons in the substantia
nigra. Several lines of evidence strongly implicate mitochondrial
dysfunction as a major causative factor in PD, although the mo-
lecular mechanisms responsible for mitochondrial dysfunction are
poorly understood. Recently, loss-of-function mutations in the
parkin gene, which encodes a ubiquitin-protein ligase, were found
to underlie a familial form of PD known as autosomal recessive
juvenile parkinsonism (AR-JP). To gain insight into the molecular
mechanism responsible for selective cell death in AR-JP, we have
created a Drosophila model of this disorder. Drosophila parkin null
mutants exhibit reduced lifespan, locomotor defects, and male
sterility. The locomotor defects derive from apoptotic cell death of
muscle subsets, whereas the male sterile phenotype derives from
a spermatid individualization defect at a late stage of spermato-
genesis. Mitochondrial pathology is the earliest manifestation of
muscle degeneration and a prominent characteristic of individual-
izing spermatids in parkin mutants. These results indicate that the
tissue-specific phenotypes observed in Drosophila parkin mutants
result from mitochondrial dysfunction and raise the possibility that
similar mitochondrial impairment triggers the selective cell loss
observed in AR-JP.

Parkinson’s disease (PD) is a common neurodegenerative
disorder characterized by the loss of dopaminergic neurons

in the substantia nigra pars compacta and the accumulation of
proteinaceous intraneuronal inclusions known as Lewy bodies.
Little is known of the molecular mechanisms responsible for loss
of dopaminergic neurons in PD; however, evidence suggests that
environmental and genetic factors both play contributing roles
(1–3). Although only a few of the factors contributing to this
disorder have currently been identified, significant insight into
the mechanism of neuronal death in PD has come from studies
of the PD-inducing compound 1-methyl-4-phenylpyridinium
(MPP�). MPP� is a specific toxin of dopaminergic neurons that
induces cell death by inhibiting mitochondrial complex I (4–6).
This finding led to the identification of other mitochondrial
complex I inhibitors that trigger death of dopaminergic neurons
(7, 8), and prompted studies of mitochondrial integrity in
individuals with idiopathic PD (9–13). These studies revealed a
correlation between PD and mitochondrial dysfunction, and
together with the studies of mitochondrial toxins, provide strong
support for mitochondrial dysfunction as a major component
of PD.

Although mitochondrial dysfunction appears to be a promi-
nent feature of idiopathic PD, the molecular mechanisms
responsible for mitochondrial dysfunction remain largely un-
known. Insight into the molecular mechanisms of neurodegen-
eration in PD is beginning to emerge from the identification of
loci responsible for rare monogenic forms of this disorder. One
of the genes identified from this work is parkin. Loss-of-function
mutations in parkin result in an early onset form of PD known
as autosomal recessive juvenile parkinsonism (AR-JP) (14).
AR-JP patients display many of the clinical features of idiopathic
PD; however, most cases identified lack Lewy body pathology.
This observation has led to the suggestion that Parkin may be

required for Lewy body formation, or alternatively, that dopa-
minergic neuron loss in idiopathic PD and AR-JP individuals
proceeds through distinct mechanisms.

The parkin gene encodes a polypeptide with an N-terminal
ubiquitin-like domain, two carboxy-terminal ring-finger motifs,
and an in-between ring-finger (IBR) domain. Recent studies
demonstrate that Parkin functions as an E3 ubiquitin protein
ligase, a common function of proteins with ring domains (15–17).
E3 ubiquitin protein ligases act in concert with ubiquitin-
activating (E1) and ubiquitin-conjugating (E2) enzymes to con-
fer substrate specificity in the ubiquitination pathway. The
finding that Parkin functions as a ubiquitin protein ligase
indicates that failure to label specific cellular targets with
ubiquitin is responsible for dopaminergic neuron loss in AR-JP.
Experiments premised on this hypothesis have led to the iden-
tification of several potential cellular targets of Parkin, including
components of the Lewy body inclusions found in idiopathic PD
(17–20). However, lack of an animal model of AR-JP has
precluded a direct test of the relevance of these Parkin substrates
to dopaminergic neuron loss.

To further explore the biological role of Parkin, we have used
a mutational approach to inactivate a highly conserved Drosoph-
ila parkin ortholog. Flies bearing null alleles of parkin are viable
but exhibit reduced longevity, male sterility, and flight and
climbing defects. The male sterile phenotype results from a
defect in spermatogenesis, whereas the locomotor phenotypes
result from apoptotic muscle degeneration. Mitochondrial struc-
tural alterations are prominent features of both the germ line
and muscle pathology. These results raise the possibility that
mitochondrial dysfunction and apoptosis underlie dopaminergic
neuron loss in AR-JP. Further, these findings suggest a mech-
anistic link between AR-JP and the more common form of
idiopathic PD.

Methods
Molecular Genetics. DNA sequences encoding the Drosophila
parkin ortholog were identified by searching the Berkeley Dro-
sophila Genome Project Database (www.fruitf ly.org�blast) using
a human Parkin polypeptide query sequence (NP�004553). A
cDNA clone identified from this analysis (SD01679) was fully
sequenced and this sequence was compared with the correspond-
ing genomic DNA sequence to identify splice junctions in the
parkin gene. The predicted Parkin polypeptide sequence was
aligned to human Parkin by using the CLUSTALW algorithm.

parkin mutants were generated by inducing transposition of
the EP(3)3515 P element insertion using an established proce-
dure (http:��engels.genetics.wisc.edu�Pelements�index.html).
To identify P element insertions in parkin, genomic DNA was
obtained from the offspring of �5,500 flies and subjected to
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multiplex PCR analysis with a primer specific to the P element
terminal repeat sequence and a pool of primers corresponding
to sequences within the parkin gene. This analysis led to the
recovery of a single line, parkEP(3)LA1, bearing an insertion 71 bp
upstream of the parkin start codon. This chromosome was used
to generate imprecise excision alleles of parkin by using standard
procedures (22). Deletion breakpoints of the imprecise excision
alleles were determined by sequencing. Ethyl methanesulfonate
alleles of parkin were identified by screening a collection of
homozygous viable male sterile stocks, previously identified by
B. Wakimoto, D. Lindsley, and C. Herrera, from a collection
established by E. Koundakjian, R. Hardy, and D. Cowen in the
laboratory of C. Zuker (23), for failure to complement the park25

allele.
The parkin cDNA clone SD01679 was used to generate

transgenic lines after altering a nucleotide sequence polymor-
phism at codon 240 of this cDNA to correspond to the parkin
amino acid sequence predicted from sequence deposited in the
Berkeley Drosophila Genome Project database and consistent
with our laboratory strains. The parkin coding sequence from
this modified cDNA was amplified by using PCR primers bearing
sequence changes designed to improve translation, and to in-
troduce restriction sites for cloning purposes. The product was
ligated into the P{UAST} vector (24), sequenced to ensure the
integrity of the parkin coding sequence, and introduced into the
Drosophila germ line by using standard procedures.

Northern blot analysis was performed by using 1.5 �g poly(A)�

RNA (CLONTECH) per lane with standard procedures.

Behavioral Assays. Longevity assays were conducted at 25°C. Flies
(0–24 h old) were collected and transferred to new vials every
2–3 days. The number of dead flies was recorded when trans-
ferring. Longevity experiments were performed in triplicate for
each genotype. Statistical significance was calculated with a
two-tailed Mann–Whitney test.

Flight tests were performed by using an apparatus described
by Benzer (25) with minor modifications. An acetate sheet was
divided into five equal parts, coated with vacuum grease, and
inserted into a 1-liter graduated cylinder. To perform flight tests,
1- to 2-day-old flies were dispensed into the apparatus by gently
tapping vials containing 20 flies into a funnel placed on top of
the graduated cylinder. Flies became stuck to the sheet where
they alighted. The sheet was removed and the number of flies
was counted in each of the five regions. The flight index was
calculated as the weighted average of the region into which the
flies landed divided by four times the number of flies in the assay.
At least 100 flies of each genotype were tested.

Climbing assays were performed by using a countercurrent
apparatus developed initially for phototaxis experiments (26).
Twenty to thirty flies were placed into the first chamber, tapped
to the bottom, then given 30 sec to climb a distance of 10 cm.
Flies that successfully climbed 10 cm or beyond in 30 sec were
then shifted to a new chamber, and both sets of flies were given
another opportunity to climb the 10-cm distance. This procedure
was repeated a total of five times. After five trials, the number
of flies in each chamber were counted. The climbing index was
calculated in the same manner as the flight index (see above). At
least 60 flies were used for each genotype tested.

Sectioning, Staining, and Microscopy. Histologic sections of muscle
and brain were prepared from wax-embedded material. Flies
were fixed in 4% formalin, dehydrated, and infiltrated with
paraffin. Frontal sections were cut at 4-�m thickness and stained
with hematoxylin and eosin or immunostained with a polyclonal
antibody to tyrosine hydroxylase (1:500, Chemicon). Dorsome-
dial dopamine neurons were counted in at least eight hemibrains
per genotype and time point (27).

Tissues for electron microscopy were prepared by dissecting

testes from 6-h-old males, thoraces from 1- to 2-day-old adults,
or aged pupae, in 2% paraformaldehyde, 2.5% gluteraldehyde,
and fixed overnight. After rinsing in 0.1 M cacodylate buffer with
1% tannic acid, samples were postfixed in 1:1 2% OsO4 and 0.2
M cacodylate buffer for 1 h. Samples were rinsed, dehydrated in
an ethanol series, and embedded by using Epon.

Results
To identify a Drosophila homolog of the parkin gene, the human
Parkin protein sequence was used to query a six-way translation
of the Drosophila genome sequence. From this search, a single
gene was identified that encodes a polypeptide of 468 aa
exhibiting 42% amino acid identity and 59% similarity overall
with human Parkin (Fig. 1A). This gene is the only one in the
Drosophila genome that encodes a polypeptide bearing a ubiq-
uitin-like domain, ring-finger domains, and an IBR domain,
indicating that it represents the Drosophila parkin ortholog.
Northern blot analysis using poly(A)� RNA from embryos,
larvae, and adults detected parkin transcripts at all developmen-
tal stages with particularly high abundance in adults (Fig. 1B).

To generate a disruption of the parkin gene, a transposon
mutagenesis screen was conducted by using a P element mapping
close to parkin. This strategy yielded a single line, designated
parkEP(3)LA1, bearing an insertion 71 bp upstream from the parkin
start codon (Fig. 1C). To generate more severe alleles of parkin,
the parkEP(3)LA1 insertion was mobilized with transposase under
conditions favoring the creation of coincident deletions extend-
ing from the insertion locus (22). A large collection of deletion
alleles were recovered from this screen, including several that
remove all of the parkin coding sequence and thus represent null
alleles of parkin (Fig. 1C). This work also yielded a chromosome
bearing a precise excision of parkEP(3)LA1, which was maintained
for use as a control chromosome (designated parkrvA) in our
studies.

Flies bearing any of the parkin null alleles in trans to the
Df(3L)Pc-MK deletion chromosome, which removes the parkin
gene, are viable through the adult stage of development but
exhibit a slight developmental delay, typically eclosing a day later
than controls, and show significantly reduced longevity (P �
0.0001). parkin null f lies have an average lifespan of 27 days, with
none able to exceed 50 days of age, whereas flies bearing the
parkrvA precise excision chromosome in trans to Df(3L)Pc-MK
have a mean lifespan of 39 days and can survive up to 75 days.

Female parkin mutants are fertile and produce normal off-
spring, however, males are completely sterile. This finding
allowed us to screen a collection of �1,100 ethyl methane-
sulfonate-mutagenized homozygous viable male sterile lines for
additional parkin mutations generated independently from our
deletion alleles. Sequencing the parkin gene from two of the
mutants recovered from this screen revealed missense and
premature stop codon mutations (Fig. 1C), verifying that the
male sterile phenotype results from loss of parkin function.

Analysis of testes from homozygous or transheterozygous
parkin mutants indicates that the male sterile phenotype derives
from a late defect in spermatogenesis. Spermatogenesis appears
to proceed normally in parkin mutants until the individualization
stage, at which point a 64-cell germ-line cyst that normally
separates into mature sperm cells fails to do so, resulting in an
absence of mature sperm cells in the seminal vesicle (Fig. 2).
Ultrastructural analysis of developing spermatids in parkin mu-
tants revealed structural irregularities in the sperm tails. Mature
sperm tails usually consist of a flagellar axoneme, with a 9 � 2
arrangement of microtubules, and a specialized mitochondrial
derivative known as the Nebenkern (Fig. 2 C and E). Although
the axoneme in parkin mutants appears normal, Nebenkern
integrity is severely disrupted; some spermatids have multiple
Nebenkern, whereas others have only an extremely diminished
component (Fig. 2 D and F). Additionally, the electron density
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of the Nebenkern outer matrix is significantly diminished with
respect to wild type (Fig. 2 E and F). These results suggest that
defective Nebenkern formation and�or function may underlie
the spermatid individualization failure of parkin mutants.

In addition to reduced longevity and male sterility, all of the
parkin null alleles, as well as those recovered on the basis of the
male sterile phenotype, confer a partially penetrant downturned
wing phenotype as homozygotes or as transheterozygotes with
the Df(3L)Pc-MK chromosome (Fig. 3 A and B). The penetrance
of this phenotype increases with age; �40% of newly eclosed
flies exhibit abnormal wing posture, whereas by 10 days of age
more than 70% of the parkin mutants display this phenotype.
This finding prompted us to assay locomotor ability of the parkin
mutants. These analyses revealed severe defects in both flight
and climbing ability in parkin mutants (Fig. 3 C and D). Both
phenotypes were also manifest in parkin mutants with normal
wing posture (data not shown). The climbing decay rate was
similar in parkin mutants and wild-type flies, indicating that
parkin mutants begin adult life with a reduced climbing ability.

To address the origin of the locomotion defects in parkin
mutants, the UAS�GAL4 system (24) was used to express parkin
in defined tissues. Two GAL4 lines that drive parkin expression
in mesoderm were found to rescue the wing posture, f light, and
climbing phenotypes of parkin mutants to wild-type or near
wild-type levels (Fig. 3 E and F), demonstrating that Parkin
function is required in the musculature.

Histological analysis of the major flight muscles [the indirect
f light muscles (IFMs)] from parkin mutants revealed severe
disruption of muscle integrity, consistent with the role of muscle
dysfunction in the parkin f light defect (Fig. 4 A and B). Muscle
integrity was almost completely restored in parkin mutants
ectopically expressing parkin in muscles (Fig. 4C). Analysis of
proboscis muscle from parkin mutants revealed pathology sim-
ilar to that of the IFM, indicating that this phenotype is not

specific to the flight muscles (data not shown). However, the
tergal depressor of trochanter muscle, involved in the jump
response, and the larval body-wall muscles involved in larval
locomotion are morphologically and functionally normal in
parkin mutants (data not shown), indicating that only a subset of
muscles are affected by loss of parkin function.

Ultrastructural analysis of the IFM in 1- to 2-day-old parkin
mutants revealed an overall decrease in the density of myofibrils,
a broadening of the myofibril Z-line, and a shortening of the
sarcomere length (Fig. 4 D and E). However, the myofibril
structural alterations were variable with some indistinguishable
from those of control f lies. By contrast, swollen mitochondria
manifesting severe disruption and disintegration of the cristae
were a uniform feature of the IFM in parkin mutants (Fig. 4 D,
E, G, and H). Transgenic expression of parkin in the musculature
restores the myofibril integrity and mitochondrial morphology
(Fig. 4 F and I). The temporal relationship between mitochon-
drial and myofibril pathology was investigated by analyzing IFM
ultrastructure in parkin mutants at the pupal stage of develop-
ment shortly after IFM formation. At 96 or 120 h after puparium
formation the integrity of the myofibrils in parkin mutants was
similar to controls, showing no signs of degeneration (Fig. 4
J–L). The only detectable difference in IFM ultrastructure
between parkin mutants and control animals at the pupal stage
of development was a disintegration of the mitochondrial matrix
in parkin mutants (Fig. 4 M–O). These results demonstrate that
mitochondrial pathology is an early indicator of muscle dysfunc-
tion and that the muscle pathology is degenerative in nature.

To determine whether muscle degeneration in parkin mutants
proceeds through an apoptotic mechanism, the IFM in parkin
mutants and age-matched control f lies were subjected to termi-
nal deoxynucleotidyltransferase-mediated dUTP end labeling
(TUNEL) staining (28). At 96 and 120 h after puparium
formation, no TUNEL staining was detected in parkin mutants

Fig. 1. Amino acid sequence, expression pattern, and mutant alleles of parkin. (A) Alignment of the amino acid sequences of Drosophila Parkin (D-Park) with
human Parkin (H-Park). The N-terminal ubiquitin-like domain (boxed), RING finger domains (boxed and shaded), and In-Between Ring domain (shaded) are
designated. (B) Northern blot analysis of poly(A)� RNA obtained from wild-type embryos (E), third-instar larvae (L), and adults (A) using a parkin-specific probe.
Size units are in kilobases. Adult flies appear to express a larger, less abundant parkin transcript in addition to the major transcript of 1.7 kb. (C) Molecular map
of the parkin transcript showing the parkEP(3)LA1 insertion, the breakpoints of the three parkin deletion alleles described in this work, and the locations of the
parkin point mutations. The bent arrow represents the predicted transcription initiation site of parkin and the black boxes designate Parkin protein-coding
sequences. The arrow above the parkEP(3)LA1 insertion designates the orientation of this P element.
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and control f lies (Fig. 5 and data not shown). However, a
dramatic increase in TUNEL-positive nuclei was observed in the
IFM of 1-day-old adult parkin mutants relative to age-matched
control f lies, suggesting that the muscle mitochondrial defects
ultimately result in cell death through an apoptotic mechanism
(Fig. 5 C and D).

To examine the role of parkin in the brain, sections were
prepared from flies at 1, 10, and 30 days of age. Standard
histologic analysis revealed appropriate development of the
major brain centers (Fig. 6 A and B). No obvious loss of neuropil
integrity or cell cortical number was seen in aged parkin mutant
flies compared with controls (Fig. 6 A and B). Because dopa-
minergic neurons are a preferential target in AR-JP, brain
sections were also immunostained for tyrosine hydroxylase (27).
Dopaminergic neurons of the dorsomedial, dorsolateral, and
anteromedial clusters and the medulla were assessed. No clear
neuronal loss was observed in any of these cell groups. Tyrosine
hydroxylase immunoreactive terminal density was also generally
preserved. However, cells of the dorsomedial dopaminergic cell
cluster reliably showed shrinkage of the cell body and decreased
tyrosine hydroxylase immunostaining in proximal dendrites in
aged parkin mutants relative to controls (Fig. 6 C and D). No
such changes were observed in other dopaminergic cell groups.
The preferential effect on the dorsomedial cluster is intriguing
given the enhanced toxicity of �-synuclein, another protein
implicated in familial PD, in this cluster of dopaminergic neurons
(27, 29).

Discussion
To investigate the biological role of Parkin and the mechanism
by which loss of Parkin function results in selective cell death, we

Fig. 2. parkin mutants manifest a spermatid individualization defect asso-
ciated with abnormal mitochondrial derivatives. (A) parkin� testes reveal the
presence of many individual sperm released from a ruptured testis (arrow).
The long, thin nuclei of mature spermatozoa can also be seen inside the
seminal vesicle (arrowhead). Round nuclei correspond to cells of the testis
sheath. (B) Analysis of parkin� testes reveals an absence of mature sperm in
the seminal vesicle (arrow). However, mature spermatids are formed (Inset)
but fail to individualize and remain as a syncytial bundle. (C) Ultrastructural
analysis of a cross section through a wild-type late-stage 64-cell cyst showing
the regular arrangement of developing spermatids (arrows). (E) Higher mag-
nification cross sections of mature spermatozoa after individualization show-
ing the axoneme (Ax) and a mitochondrial derivative, the Nebenkern (N),
tightly enclosed in a membrane. Note the paracrystalline structure in the
Nebenkern surrounded by uniform electron-dense material (arrow). In par-
kin� mutants (D and F) the axonemes have a highly regular and well-formed
appearance, but the Nebenkern display an abnormal distribution. Some sper-
matids are associated with multiple large Nebenkern (arrows), whereas others
have a significantly diminished Nebenkern (arrowheads). In addition, the
electron-dense matrix surrounding the paracrystalline structure of the Neben-
kern appears diffuse (F, black arrow, compare with E). (A and B) Dissected
testes were stained with DAPI to mark nuclei. (B Inset) Rhodamine-conjugated
phalloidin was used to highlight spermatid tails. Genotypes; parkin�: parkrvA�
Df(3L)Pc-MK, parkin�: park13�Df(3L)Pc-MK.

Fig. 3. Parkin function is required in mesoderm for normal wing posture,
flight, and locomotion. (A and A�) Wing posture in 1-day-old control flies
(parkrvA�Df(3L)Pc-MK) and (B and B�) age-matched parkin mutants (park25�
Df(3L)Pc-MK) showing the downturned wing phenotype of parkin mutants. (C
and D) parkin mutants exhibit impaired flight and climbing ability relative to
control flies (see Methods for details). All flies tested were transheterozygous
for the Df(3L)Pc-MK deletion and the parkin allele indicated. (E and F) Ectopic
expression of parkin in mesoderm with the 24B-GAL4 (24) or Dmef2-GAL4 (21)
driver restores flight and climbing ability in parkin mutants. All flies tested
were transheterozygous for the Df(3L)Pc-MK deletion and the parkin allele
indicated. Genotypes: Rescue 1: w; UAS-park��; park13�24B-GAL4, Df; Rescue
2: w; UAS-park��; park13�Dmef2-GAL4, Df; Control 1: w; park13�Dmef2-GAL4,
Df; Control 2, w; park13�24B-GAL4, Df; Control 3: w; UAS-park��; park13�Df.
Error bars indicate the SEM.
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have created a Drosophila model of AR-JP through targeted
disruption of a highly conserved Drosophila parkin ortholog. We
show that Drosophila parkin null mutants are viable, but short-
lived, and that loss of parkin function results in male sterility,
locomotor defects, and structural alterations in dopaminergic

neurons. The male sterile phenotype derives from a spermatid
individualization defect in the male germ line, whereas the
locomotor defects arise from apoptotic muscle degeneration.

An obvious difference between Drosophila parkin mutants and
AR-JP concerns the tissues affected by loss of parkin function.
Dopaminergic neurons in the substantia nigra appear to be the
primary tissues affected in AR-JP individuals, whereas the most
striking phenotypes in Drosophila parkin mutants derive from
muscle and germ-line pathology. Nevertheless, the underlying
molecular mechanisms responsible for pathology in these dif-
ferent tissues may be highly conserved. Indeed, ultrastructural

Fig. 4. Parkin mutants manifest muscle degeneration and mitochondrial
pathology. (A–C) Hematoxylin and eosin staining of longitudinal sections of
IFMs show well preserved muscle in controls (A), contrasted with acute de-
generation in parkin mutants (B) characterized by vacuole formation (arrow)
and accumulation of cellular debris (arrowhead). Transgenic expression of
parkin substantially restores muscle integrity (C), though occasional vacuoles
are still seen (arrow). (Insets) Transverse section of IFMs. (D and G) Sections
through parkin� adult IFMs show a regular and compact myofibril arrange-
ment (white arrows) with many electron-dense mitochondria (red arrowheads
and Inset). (E and H) parkin� adult IFMs show an irregular and dispersed
myofibrillar arrangement with diffuse Z-lines and M-bands. Mitochondria are
grossly swollen and malformed showing disintegration of cristae (red arrow-
heads and Inset). (F and I) Myofibril and mitochondrial integrity can be
restored by transgenic expression of parkin in muscle tissue. (J–O) The mito-
chondrial pathology is progressive and precedes myofibril degeneration. (J
and M) IFMs from control 96-h pupae show many electron-dense mitochon-
dria, whereas age-matched parkin mutants (K and N) already have mitochon-
dria that are less electron-dense showing fewer cristae. (L and O) By 120 h,
parkin� pupae still show intact myofibril structure, but the mitochondria are
profusely swollen as the cristae continue to degenerate. Genotypes: parkin�:
w; parkrvA�Df(3L)Pc-MK, parkin�: w; park25�Df(3L)Pc-MK, transgenic rescue:
w; UAS-park; park25�24B-GAL4, park25. (Scale bars: D–L, 2 �m; M–O and Insets
in D–F, 0.5 �m.) Z, Z-lines; M, M-bands; APF, after puparium formation.

Fig. 5. parkin mutants exhibit apoptotic cell death of flight muscle. IFMs
from 96-h (A) and 120-h (B) parkin mutant pupae exhibit a lack of TUNEL-
positive nuclei. One-day-old control flies (C) also lack TUNEL-positive nuclei,
whereas age-matched parkin mutants (D) have many apoptotic nuclei (green).
Phalloidin (red) highlights muscle tissue. Genotypes: parkin�: w; parkrvA�
Df(3L)Pc-MK, parkin�: w; park25�park25.

Fig. 6. Loss of parkin function does not cause general neuronal degeneration
or dopaminergic neuron loss. (A and B) Hematoxylin and eosin-stained frontal
sections from control (A) compared with parkin mutant (B) flies at 30 days of age
reveal appropriate organization of the nervous system including well-formed
ellipsoid body (eb), peduncle (p), subesophageal ganglia (sog), medulla (m), and
lamina (l). In addition, no age-related increase in neurodegeneration is evident in
parkin mutants compared with controls in the cell cortex or neuropil. (C and D)
Tyrosine hydroxylase immunostaining reveals similar number of neurons in the
dorsomedial cluster in control flies (C) compared with parkin mutants (D), though
shrinkage of the cell body (arrow) and decreased staining in the proximal den-
drite (arrowhead) are frequently evident. Genotypes: parkin�: w; parkrvA�
Df(3L)Pc-MK, parkin�: w; park13�Df(3L)Pc-MK.
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examination of the male germ line and IFM in parkin mutants
reveals mitochondrial defects as a common characteristic of
pathology in these distinct tissue types. Although further work
will be required to establish the relevance of mitochondrial
pathology to the spermatid individualization defect, studies of
IFM pathogenesis strongly indicate that mitochondrial pathol-
ogy is a primary defect. Thus, these results suggest that the
Drosophila parkin phenotypes derive from a common origin of
mitochondrial dysfunction. There are a variety of cellular insults
capable of producing the specific mitochondrial structural alter-
ations observed in parkin mutants, and further work will be
required to elucidate the mechanism by which loss of parkin
function triggers mitochondrial pathology and ultimately cell
death.

Our finding that mitochondrial pathology and apoptosis are
prominent features of IFM degeneration raises the possibility
that similar mechanisms underlie dopaminergic neuron loss in

AR-JP. Although previous studies have not addressed a role for
parkin in mitochondrial integrity or apoptosis, a substantial body
of evidence suggests that mitochondrial dysfunction and apo-
ptosis are important factors underlying neurodegeneration in
idiopathic PD (30–32). Thus, our findings provide a potential
mechanistic link between AR-JP and the broader spectrum of
idiopathic PD.
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